We monitor the conductance evolution by varying the coupling between an organic molecule and the Ag(111) surface by lifting the molecule from the surface with the tip of a scanning tunneling microscope. Numerical renormalization group theory analysis of the junction conductance reveals that the system is tuned from the strongly coupled Kondo singlet to the free spin 1/2 ground state. In the crossover between the strong and weak coupling regimes, where the Kondo temperature TK is similar to the experimental Texp, fitting procedures generically provide ambiguous estimates of TK that tend to vary by an order of magnitude. Measuring the dependence of the junction conductance in external magnetic fields resolves this ambiguity if the Zeeman splitting due to the imposed magnetic field overcomes the thermal energy kBTexp. We demonstrate that Frota analysis overestimates TK by several orders of magnitude in the transient and weak coupling regimes. The numerical analysis also allows us to determine molecular coupling to surface and tip and their evolution during the lifting process.
We monitor the conductance evolution by varying the coupling between an organic molecule and the Ag(111) surface by lifting the molecule from the surface with the tip of a scanning tunneling microscope. Numerical renormalization group theory analysis of the junction conductance reveals that the system is tuned from the strongly coupled Kondo singlet to the free spin 1/2 ground state. In the crossover between the strong and weak coupling regimes, where the Kondo temperature TK is similar to the experimental Texp, fitting procedures generically provide ambiguous estimates of TK that tend to vary by an order of magnitude. Measuring the dependence of the junction conductance in external magnetic fields resolves this ambiguity if the Zeeman splitting due to the imposed magnetic field overcomes the thermal energy kBTexp. We demonstrate that Frota analysis overestimates TK by several orders of magnitude in the transient and weak coupling regimes. The numerical analysis also allows us to determine molecular coupling to surface and tip and their evolution during the lifting process.
The Kondo effect is one of the most prominent manyparticle phenomena in which a localized magnetic moment is screened by the itinerant electrons of its supporting host [1] . Its highly correlated singlet ground state is fully characterized by the energy k B T K , where k B is the Boltzmann constant and T K the Kondo temperature. T K depends exponentially on the strength of the antiferromagnetic exchange coupling between the localized moment and the environmental electron bath. The Kondo effect is fundamental to various phenomena in solid state physics, ranging from the occurrence of zero-bias anomalies in transport measurements through quantum dots [2] [3] [4] , nanowires [5] , and single atoms or molecules [6] [7] [8] , to quantum critical phenomena [9] [10] [11] , Mott metalinsulator transitions [12] and has possible applications in spintronics [13] and quantum information [14] .
Scanning probe microscopy (SPM) allows studies of the Kondo effect in atomic and molecular systems with unprecedented detail. Since the first SPM observations of the Kondo effect on individual magnetic adatoms adsorbed on noble metal surfaces [6, [15] [16] [17] it has become usual to extract T K from the differential dI/dV (V ) conductance spectra measured over the Kondo impurity: When the experimental temperature T exp is much lower than T K (T exp T K ), the system is in the stronglycorrelated Kondo singlet state and the spectra are dominated by a zero-bias Kondo resonance whose half width at half maximum (HWHM) is directly proportional to k B T K [1] . However, when T exp T K , the spin of the magnetic impurity becomes asymptotically free and the tunneling spectra are best described by a perturbative spin-flip model, yielding temperature-broadened logarithmic singularities at zero bias [18] [19] [20] .
The crossover between both regimes can be controlled via substrate hybridization [21] [22] [23] [24] [25] . However, despite its importance, a comprehensive study of the crossover regime between strong and weak coupling still poses a challenge. This is a consequence of the difficulty to obtain the relevant energy scale in the crossover regime from experimental data, which can lead to a drastically incorrect estimate of T K when applying an unsuitable model [19, 26] . In this letter we provide a quantitative analysis of this regime and show that throughout the complete crossover from weak to strong coupling T K can be deduced from experimental dI/dV spectra, if the information contained in the incipient Zeeman splitting in external magnetic field is additionally taken into account.
We use the archetypical 3,4,9,10-perylenetetracarboxylic-dianhydride (PTCDA) molecule on the Ag(111) surface as our model system. The tuning of the hybridization is achieved by lifting the molecule with the tip of an SPM from the surface [21] [22] [23] [24] . The variation of the tip-sample distance during the lifting process provides effective control over the (dominant) coupling Γ S between the singly occupied molecular orbital and the substrate. It is thus possible to transform the system from the strongly correlated Kondo singlet to the free spin 1/2 ground state ( Fig. 1) .
In our molecule lifting experiments, we record dI/dV spectra as a function of the vertical tip position z at different magnetic fields up to B = 2.8 T. z = 0 is defined as the tip position at which the tip apex atom makes contact to one of the carboxylic oxygen atoms of PTCDA (Fig. 1) . This corresponds to a tip-sample distance of approximately 6.3Å [22] . All experiments in this study are carried out at a base temperature of 1.2 K. We focus on tip positions z 200 pm, where a symmetric resonance at zero bias is already observed in the dI/dV spectra [21] . Fig. 2a displays five subsequently acquired spectra at B = 0. The broad Kondo peak at z = 250 pm becomes progressively sharper as the molecule is decoupled from the substrate by increasing z, and the overall conductance is gradually decreasing.
As a first step to rationalize the data in Fig. 2a , we fit the spectra with a phenomenological formula introduced by Frota [28] ,
where the Frota width Γ F is related to the Kondo temperature by k B T K = 0.686 Γ F [29] . We observe a drop in the apparent T K from ≈ 32 K at z 200 pm to ≈ 4 K at z 350 pm (Fig. 2b) [30] . However, the apparent T K steadily rises from thereon when z is increased further. This behavior is highly suspicious, because T K depends exponentially on Γ = Γ T + Γ S , the total coupling of the molecule to tip (Γ T ) and sample (Γ S ). Assuming without loss of generality particle-hole symmetry, the T K is calculated in the single impurity Anderson model (SIAM) as [31, 32] 
where U is the intraorbital Coulomb repulsion. Any rise of T K with decreasing Γ is therefore counter-intuitive. Note that an alternative fitting procedure proposed by Zitko [27] leads to a similar, although less dramatic, increase (Fig. 2b) .
To clarify the behavior of T K with changing z, especially once T K reaches values close to T exp , and being guided by an analogous observation in a different system that the determination of T K from zero-field data only can be erroneous [19] , we turn to spectra that were recorded at finite magnetic fields (Fig. 2c, d and Fig. 3a, b) . The presence of the magnetic field leads to a splitting of the zero-bias conductance peak at sufficiently large z. Note however, that the splitting occurs at different z values -at B = 2.0 T, the spectrum is split at z 450 pm, whereas at 2.8 T a splitting is observed already at z 400 pm. After an initial increase, the splitting remains constant during further tip retraction.
For a visible splitting of the Kondo resonance a Zeeman energy of gµ B B 2k B T K is needed [33, 34] . This suggests T K (z = 450pm) < T K (z = 400pm), in contradiction to the picture of a constant or even increasing T K for z > 350 pm as found by fitting the B = 0 data with Eq. (1) (Fig. 2a, b) . Moreover, using the minimal T K 4 K of the Frota analysis, the above condition would lead to an unrealistically high gyromagnetic ratio of g 6.
To resolve this apparent contradiction we analyze our experimental data with the help of solutions to the SIAM, obtained by numerical renormalization group (NRG) theory. Because the contact of the PTCDA molecule to the tip is electronically weak [35] , we can assume a strongly asymmetric junction, resulting in an asymmetry parameter a ≡ Γ T /Γ S 1 ( Fig. 1 ). This justifies the interpretation of the dI/dV spectra as temperature-broadened equilibrium Kondo spectral functions, calculated as [36] 
where the single-impurity spectral function ρ(ω, Γ, T, B) of the SIAM calculated with NRG depends on the temperature T , the field B, and the total coupling Γ, and f (ω, T ) is the derivative of the Fermi-Dirac distribution with respect to ω. Γ T and Γ S are assumed to be independent of ω and B. Hence,
depends only on the coupling asymmetry a, while the integrand in Eq. (3) depends on the total coupling Γ. Fig. 2c -d displays a selection of experimental dI/dV data measured at B = 2.0 and 2.8 T together with bestfitting NRG spectra. Note that the relevant parameter in the calculation is Γ/U (see Eq. (2)); varying U between 0.5−1 eV does not significantly change the results. Therefore, we select by a least-square fit spectra calculated with Eq. (3) from a dense mesh of Γ/U values. A detailed description of the fitting procedure is given in the Supplemental Material. Fig. 3 shows the full set of data in a two-dimensional color plot. The NRG fits account for both, the changing width of the Kondo resonance, as well as its splitting for gµ B B 2k B T K [37] . From the NRG fits, two important results are principally available: a mapping z → Γ/U , and, via Eq. (2), the function T K (z).
The function T K (z) as obtained from the NRG-based fitting procedure at B = 2.8 T is displayed in Fig. 4a . Importantly, for z 300 pm it deviates considerably from the Frota fits for B = 0, limiting the latter's applicability to the Kondo regime T K T exp (Fig. 4a) . According to NRG, T K drops roughly exponentially by nine orders of magnitude over the experimental z range. The huge discrepancy between the Frota fit and the NRG-based fit for z 350 pm is a direct consequence of the fact that in the weak-coupling regime the B = 0 zero-bias anomaly is not a Kondo resonance, but a temperature-broadened logarithmic singularity, whose shape nevertheless resembles the Frota function. Consequently, the application of Eq. (1) leads to a dramatic overestimation of T K by several orders of magnitudes (Fig. 4a) . In contrast, the split Kondo peak of the B = 2.8 T data set is featurerich in this z range, which allows a meaningful fit with NRG-based spectra.
Incidentally, the fact that T K can be tuned over nine orders of magnitude shows that our experiments indeed enable us to follow the smooth transition from the Kondo to the inelastic spin-flip regime. In the latter, third-order perturbation models [18, 20] also yield good estimates of T K , as Fig. 5 shows.
While the NRG-based fitting works well for the split Kondo resonance in the weak-coupling limit, it is problematic in the crossover regime where T K T exp (shaded blue area in Fig. 4 ). This is shown in the inset of Fig. 4a , where a T K (z) function, based on good-quality fits but exhibiting an unphysical step of one order of magnitude in T K , is plotted. The reason for this behavior is that the width of the (even for B = 0) still unsplit Kondo peak is not very sensitive to T K and therefore Γ/U , which produces fitting instabilities. In other words, no unique mapping z → Γ/U can be established in this range by directly comparing experimental and theoretical spectra.
It is, however, possible to surmount this difficulty by using datasets obtained at two different magnetic field strengths, in particular one with gµ B B > 2k B T exp , and the other with gµ B B < 2k B T exp . This is demonstrated in Fig. 4b , where the ratio γ between zero-bias conductances, dI/dV (0), at B = 2.8 T and 1 T is plotted. For small z, we find γ ≈ 1 , because here T K > T exp and both magnetic fields are too small to affect the Kondo resonance. For large z, we find γ < 1, because the Bfield of 2.8 T splits the Kondo resonance, leading to a reduced zero-bias conductance. In the crossover regime γ changes rapidly (blue shaded area in Fig. 4b ). Aligning this rapidly changing curve with the same quantity calculated by NRG as a function of Γ/U allows us to establish an unambiguous mapping z → Γ/U in the crossover regime (Fig. 4b) . Based on this, the correct smooth behavior of T K (z) can be determined by Eq. (2) (red dots in the inset of Fig. 4a) .
As a consistency test, we show in Fig. 4c a comparison of the experimental and NRG-based HWHM of the zerobias anomaly. With the z → Γ/U mapping from Fig. 4b the agreement between experiment and theory is excellent throughout the crossover regime. Specifically, we observe the very shallow dependence of the HWHM on Γ/U in this range which prevented the direct z → Γ/U mapping by comparing experimental and NRG-based conductance spectra. Outside the crossover regime, the HWHM rapidly rises, either because of an increasing T K (right) or the incipient split of the Kondo resonance (left).
Because we determine by the NRG-based fits not only Γ/U , but also the prefactor G (see Eq. (3)), we can with the help of Eq. (4) and Γ = Γ S + Γ T determine the coupling constants Γ T and Γ S separately. They are plotted in Fig. 5 . We find that across the complete z range studied here, Γ S Γ T . This justifies the model underlying Eq. (3), i. e. the approximation of the molecule being equilibrated with the substrate and the tip serving as a weak probe of the spectral function. Moreover, while Γ T /U varies only little, Γ S /U decreases from 0.1 at z = 250 pm to 0.007 at z = 630 pm. This is a direct consequence of the dehybridization upon lifting the molecule. We note that the Γ S /U values found here are in excellent agreement with U and Γ S values independently calculated with ab initio methods [22, 24] . The reduction of Γ T /U from 5 × 10 −3 to 2.5 × 10 −3 in the z range of Fig. 5 might be explained with the change of the orientation of the upper end of the molecule relative to the tip as the molecule is lifted (Fig. 1) .
In summary, we have shown that lifting a spin-1/2 molecule from the metal surface allowed us to tune the system continuously from the strongly coupled Kondo regime to weakly coupled spin-flip regime. The detailed analysis of experimental data revealed inherent difficulties to reliably obtain T K when thermal and Kondo energy scales are similar. However, we show that this problem can be tackled if additional data measured at magnetic fields, when the Zeeman energy is larger than the thermal energy, is used. Furthermore, our scheme allows to separate the coupling strengths to the two electron baths in an asymmetrically coupled Kondo system. (Fig. S1a) . Each of the investigated PTCDA molecules was contacted by approaching the O site of the molecule with the probing tip until a jumpinto-contact event was detected in the frequency shift channel (Fig. S1b) . Once the contact was formed, dI/dV (V, z) maps were recorded by changing consecutively sample bias V and the lift distance z without breaking the contact to the molecule. We note that z = 400 pm
II. MODEL AND FITTING PROCEDURE
We use a single-impurity Anderson model whose Hamiltonian reads
(S1)
Here, the first term describes the interacting lowest unoccupied molecular orbital (LUMO) of the PTCDA molecule, 
In our numerical calculations we assume energy-independent hybridization functions
The measured dI/dV curves have been fitted using the formula for differential conductance in the tunneling regime [1, 2] dI dV
where the temperature-and magnetic-field-dependent spectral function ρ NRG (ω, Γ, T, B) calculated with numerical renormalization group theory (NRG) is convolved with the derivative of the Fermi-Dirac distribution to account for the broading during the tunneling process. We used a band cut-off of ±1 eV in the NRG calculations and assumed constant density of states.
The NRG calculations have been performed using the open-source code NRG LJUBLJANA [3, 4] . The finite-temperature-dependent spectral functions have been calculated using the full density matrix algorithm based on the complete Fock-space concept [4, 5] . We have set the logarithmic discretization parameter Λ = 2 and used the interleaved method [6, 7] to smoothen the spectral functions calculated for a dense mesh of Γ values.
Here we shortly discuss the approximations introduced to make the comparison between the experiment and model possible:
(i) We consider only a constant hybridization function. It has been shown in a recent study of a similar system (Au-PTCDA complex) [2] that the replacement of the function Γ(ω) by its value at the Fermi energy may lead to a factor 1.5 difference in T K . However, considering that in our study T K changes by more than nine orders of magnitude, such a correction would not alter our conclusions.
(ii) We have truncated the parametric space by fixing the values of all parameters except Γ and G. As revealed by an ab-initio study of the tip/PTCDA/Ag junction [8] the U can vary with increasing z. We have made a complete analysis for U = 0.5 eV and U = 1 eV, which represent a relevant range of values extrapolated from the cited study. Because U does not significantly affect the results (see Fig. S3a ), we present in the main text only the results for U = 1 eV.
(iii) Because the experimentally measured Kondo resonances are nearly symmetric with respect to the Fermi level, we have assumed electron-hole symmetry and fixed the "halffilling" condition d = −U/2. This allows us to approximate the Kondo temperature by [9, 10] T K = 0.29
A small systematical offset of the peak position with respect to zero bias has been accounted for by shifting the data by a constant energy of −0.26 meV.
(iv) We have used the gyromagnetic factor g = 2 for the free electronic spin. We have tested this value using a perturbative fitting procedure introduced by one of the coauthors [11] . Note that the true g-factor can slightly differ from this value because of the exchange interaction with the conduction electrons polarized by the magnetic field [12] . T exp = 1.4 K slightly above the base temperature of 1.2 K of the experimental setup.
III. FITTING IN THE CROSSOVER REGION
The width of the zero-bias conductance peak is in the crossover regime, where T K ∼ T exp , not very sensitive to T K . Therefore, we have found that the half-width at half-maximum (HWHM) obtained from the experimental data shows a broad, plateau-like minimum and even increases for sufficiently large z (Fig. S3b) . This non-monotonous behavior is an indirect consequence of the decreasing ratio of T K /T exp which leads to decreasing intensity of the zero bias Kondo peak. Whereas for T K T exp the HWHM is directly proportional to T K , the width of the observed Kondo peak at T K T exp is primarily defined by T exp . Even worse, because the Kondo peak intensity rapidly decreases with further reduction of T K and the shape of the peak develops to a temperature broadened logarithm [11, 13] , the HWHM measured at a fixed energy range around zero apparently increases. This counterintuitive behavior is displayed in Fig. S3b and is also visible in the Frota fits shown in Fig. 2a of the main text.
To overcome this problem of determining T K , we apply an external magnetic field B strong enough to split the Kondo peak in the weak-coupling regime, that means the Zeeman energy has to be sufficiently larger than the thermal energy, gµ B B 2k B T exp . In such a B-field we can distinguish two clear limits (see Fig. S4 ):
(i) A Kondo system in which the peak show no splitting and in which the HWHM is sufficiently larger than k B T exp can be safely assumed to be in the strong-coupling regime where T K is determined by the HWHM of the peak (Fig. S4a) .
(ii) An observed split peak indicates a Kondo effect in the weak-coupling regime with
In this regime the HWHM is not a good indicator for T K . However, using NRG-based or perturbative models the true T K can be determined (Fig. S4c-d) .
However, in the crossover regime, where the HWHM is not a good quantity for T K because T K ∼ T exp , often also the experimentally available external field is only k B T K ∼ gµ B B, and therefore not strong enough to visibly split the peak. In this situation, neither of the two cases above is applicable. This is demonstrated in Fig. S3c where we plot data measured at z = 295 pm and at B = 2.8 T. The Kondo peak is not split, however, the HWHM is with ≈ 1.6 mV only a factor 4 above the minimal experimental broadening of 3.5k B T exp /e = 0.42 mV. Therefore, we can fit the data with a large variance in Γ -all three displayed curves fit the experimental data equally well, even thought their coupling to the substrate ranges from Γ = 5.1 meV to 7.5 meV leading via Eq. (S4) to an order of magnitude difference in T K and to the apparent step in the "direct-fit" curve shown in the inset of Fig. 4a of the main text.
Although the HWHM is not very sensitive to the change of T K in the crossover region, the amplitude of the peak depends strongly on the external field B (see Fig. S4b and c and Fig. 4c of the main text). This enables us to compare the ratio of dI/dV (V = 0 mV) measured in two sufficiently different magnetic fields with theory calculations to determine the correct Γ. We note that it is crucial to use the ratio of two experimental sets to be independent of the total amplitude parameter G in Eq. (S3). The black curve in Fig. S3c shows the best fit using the above method.
IV. VOLTAGE -ASYMMETRIC VIBRATIONAL SIGNAL
The experimental dI/dV (Figs. 2 and 3 in the main text) reveal, additionally to the central resonance, peaks and dips at finite bias which we attribute to excitations of vibrational modes in the molecular junction. We observe peaks at roughly −7 meV and shallow dips around +7 meV which do not change with increasing magnetic field and only weakly respond to stretching, mainly by a non-monotonous shift of the excitation energy, similar to Ref. [14] .
The asymmetry of the vibrational pairs in the inelastic electron tunneling spectroscopy where the first part is the elastic Landauer term (τ being the transmission) and the remain- . We plot the inelastic part in Fig. S5 for different ratios W (A) /W (S) = W . The ratio W depends only on electronic parameters, namely, the (orbital) line-widths Γ T and Γ S due to the tip and the substrate, respectively, and the orbital (on-site) energy d . In the inset of Fig. S5 we plot 1/W expressed as a function of the coupling imbalance y ≡ |Γ T − Γ S |/(Γ T + Γ S ) and the elastic Landauer transmission τ . The model predicts that the anti-symmetric signal gets more prominent (large W ) when the coupling imbalance y is large and τ is low.
This prediction can be compared with the experimental dI/dV (Fig. 2, main text) . The asymmetry of the inelastic signal is clearly visible when z 350 nm. The elastic transmission can be estimated from the dI/dV in units of G 0 at ±15 mV, where we get τ 10 , which is in agreement with the observed asymmetry of the inelastic signal. 
